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Introduction
In the early 1990s, several research groups identified keratins as the entity involved in inherited skin blistering diseases [1] [2] [3] . Pathologically, skin blistering in epidermolysis bullosa simplex (EBS) occurs at the basal cell layer [4, 5] and usually involves mutations in keratins k5 or k14 [4] [6] , the keratin pair specifically expressed in the basal layer of the epidermis [7] . However, it has been shown that mutations in proteins that associate with keratins can result in skin blistering syndromes with the implication that these mutations lead to keratin filament instability [8] [9] [10] [11] . Chemical weapons termed vesicants also lead to skin blistering and the mechanism behind the vesicant action is an active area of research [12] [13] [14] [15] . Vessicants have the ability to modify numerous cellular components, including proteins and nucleic acids. My original proposal outlined an in vitro approach to test the effect of sulfur mustard analogs on keratin proteins.
My proposal was to examine the modification of keratin proteins by an analog of mustard gas called 2-chloroethyl methanethiosulfonate (CE-MTS). This chemical was chosen for 2 major reasons: 1) CE-MTS modifies proteins at cysteines leaving a chloroethyl group attached to the protein, similar, but not identical to the alkylation produced by mustard gas and 2) I have had success using similar methanethiosulfonate (MTS) compounds to spin label cysteine amino acids within the intermediate filament (IF) vimentin to study IF structure and assembly. My proposal, as written, focused on keratin proteins k5 and k14 the major keratins of the basal layers of the skin. The SM analogs CEES and MEC were also to be tested.
A key component of my proposal was the application of both methods and results obtained from the study of vimentin assembly and structure to the study of keratin structure. As such, experiments were proposed using assembly of vimentin to provide structural information that could be transferred to keratin structure. These experiments have been performed.
A second component of my proposal was the study of an EBS type mutation and the structural consequences of the amino acid substitution on IF structure. This aim has been studied in vimentin preliminary to studies in keratins. A recent publication [16] casts doubt on the generalization that all EBS mutations prevent filament assembly and we have studied this mutant by conventional and EPR methods.
The title of the proposal and the overall goal of the proposal is to study keratin filament structure and assembly after modification with CE-MTS. The preliminary data generated by the study of vimentin and the methods developed to study the effect of the EBS mutation have progressed to the stage where meaningful experiments can be performed on control keratins, keratins modified by CE-MTS and keratins which have been modified and the modification removed. Additional experiments are described that characterize keratin assembly intermediates and these data are used to compare to data derived from CEES and MEC treated keratins. We find that electron microscopy reveals a filamentous character to the non-IF aggregates and EPR can identify similarities between treated and untreated proteins.
Body

Effects of SM analogs on keratin IFs
As previously described, the codon optimization of k14 (keratin 14) did not change the expression level of bacterially expressed k14. Due to the amount of relatively pure protein required for filament assembly and other experiments, the decision was made to proceed with bacterial expression of keratins 5, 8 and 18, forgoing k14. Due to the ability of any type I keratin to co-assemble with any type II keratin [17] , experiments were planned with k5 (keratin 5) and k18 (keratin 18). In addition, a keratin fraction (major expressed pairs, k1/10 and 5/14) was isolated from bovine snout. Together, the bacterial expressed keratins and bovine isolated keratin provided the materials for characterization of the effects of SM (sulfur mustard) analogs on IF assembly.
Recombinant k8 and k18 were purified to >90% pure as judged by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). Similarly, a keratin pool containing k5/k14 and k1/10, isolated from bovine snout were -90+% pure ( Figure 1 ). Both bacterially produced and natively isolated keratin pairs formed long, smooth, native-appearing 10 nm filaments as judged by EM ( figure 1B and 1C) . Exposure of the kIFs (keratin intermediate filaments) to either 1% DMSO (dimethyl sulfoxide) or 1% ethanol solvents induced only very slight changes (DMSO shown in Figure 1D ). Increasing either solvent concentration to 10% however, resulted in filament aggregation, similar to treatment with vesicant analogs ( Figure 1E ). All experiments reported contained a final solvent concentration of 1%.
Keratin filaments produced in vitro and treated with 10 mM CEES (chloroethyl ethylsulfide) or MEC (mechlorethamine) induced dramatic changes to the filaments (figure 2, panel A, B). Figure 2A shows 2 representative views of k8/18 filaments treated with 10 mM CEES. The aggregation of kIFs into irregular species is apparent. After examination of many EM fields, it is not possible to find intact filaments. Figure 2B shows k8/18 filaments after treatment with 10 mM MEC. In panel A, a filamentous character underlies a pattern of roughly spherical particles. Individual filaments are rare, but bundles of filaments are common. In panel B, the bundles of filaments are clearly evident and the production of spherical particles is not as common. Nevertheless, the conclusion is clear: exposure of kIFs to 10 mM CEES or MEC is severely damaging.
Treatment of keratin proteins was also performed followed by dialysis of proteins to assemble filaments. In these experiments, CEES and MEC were added to proteins in 8 M urea and incubated for a limited time. Samples were then dialyzed to assemble filaments. Figure 3A shows native looking filaments assembled from keratin proteins treated with DMSO (solvent control). Figure 3B shows the type of aggregated keratin assemblies produced by 10 mM CEES modified keratins. A filamentous background exists, but numerous larger aggregates also seem to decorate or be part of the filamentous network. Figure   John 3C shows the aggregated assemblies that result from treatment of keratin proteins with 10 mM MEC. This treatment produces larger particles that seem to be connected by regions of filaments, either native looking filaments or larger bundles. Overall, the particles seem to aggregate, making the visualization of filamentous regions more difficult.
Our results show that treatment of both bacterially produced (k8/18) or natively isolated keratin (k1/10 and 5/14) filaments with CEES and MEC causes large scale protein aggregation with limited evidence of remaining filamentous structure. Treatment of purified keratin proteins followed by dialysis to assemble IFs also produces misshapen aggregates instead of native looking IFs.
Chemical modification of cysteine side chains
A fundamental difference between the keratin pair k8/18 and either of the keratin pairs k5/14 and K1/10 is the presence of several cysteine residues in both k5/14 and 1/10, with none in either k8 or k18. To investigate the sensitivity of keratin assembly to modification of cysteine side chains, we used the sulfhydryl reactive reagent 2-chloroethyl-MTS to modify k5/k14 and k1/kl0 cysteines. Treatment of cysteine containing proteins with this reagent results in the modification of the cysteine with the addition of a CE (chloro-ethyl) group. Figure 4 shows a series of electron micrographs depicting the changes to k5/14 and 1/10keratin filaments produced by modification with CE-MTS. Panels A and B shows keratin filaments assembled from CE-MTS modified keratin proteins assembled in the absence of DTT. In A, an EM field chosen to show the most normal looking possibility, the filaments look long and smooth, but there is evidence of aggregation. In panel B, a field chosen to represent a more typical view, protein aggregation decorates a filamentous backbone. Panels A and B are taken from the same EM grid, from the same dialysis reaction and were chosen to indicate heterogeneity seen in the EM.
The modification of proteins with the sulfhydryl specific reagent CE-MTS has the additional advantage of being reversible. Dialysis of modified proteins in the presence of DTT will remove the CE group. As controls for the filament assembly reactions using modified proteins, we analyzed the assembly capability of CE modified proteins in assembly buffer plus DTT. In the presence of DTT, and therefore with all modifications reversed, CE-MTS treated keratins should form long filaments after dialysis (panels C and D). Thus, CE-MTS modification of keratins introduces sufficient change to interfere with normal assembly, but removal of the modification restores the ability of the keratins to assemble.
An additional experiment was performed to determine the ratio of modified proteins to unmodified proteins that would cause filament abnormalities. Figure 5 shows that unmodified keratins produce a thick mass of long keratin filaments (figure 5A). Inclusion of an equal mass of CE-MTS modified keratins produces very few long filaments and yields mainly incomplete filaments with few identifiable normal looking filaments (figure 5B).
Mixing unmodified keratins with CE-MTS modified keratins at a 9:1 ratio, also produces obvious filament abnormalities ( figure 5C ).
Further characterization of the effects of CE-MTS modification was performed using bacterially expressed and purified mutants of k5, each containing different numbers of cysteine amino acids. In these experiments, the cysteine codons of k5 were changed to serine and the following combinations examined: 1) cys head, ser tail (cys 55 , cys1 35 , ser 407 . ser 479) 2) ser head, cys tail (ser 55 ,ser1 35 3) cys minus (ser 55 ,ser1 35 , ser4 0 7 , ser 479).
The bacterially produced keratins were CE-MTS treated using the same procedure as for bovine isolated keratins. Figure 6 shows the results of these experiments. Panel A and panel B of figure 6 show filaments assembled from CE-MTS modified cys head and cys tail, respectively. These proteins each contain cysteines at the wild type location in the head and tail, respectively, and form normal looking IFs when viewed in the EM. Panel C is a sample of wild type k5 containing the normal complement of 4 cysteine amino acids; it too forms IFs when examined in the EM. The filaments appear, subjectively, slightly different from wild type, but the conclusion is that CE modification of wild type K5 is compatible with filament assembly. Panel D is a negative control, a cysteine minus k5 mutant (ser 55 ,ser1 35 , ser 407 and set4 79 ) unable to be modified by CE-MTS is treated and purified exactly as the other samples. This cysteine minus mutant is as expected, fully able to form IFs.
Assembly of the CE-MTS modified keratin 5 proteins was also performed in the presence of DTT, which should remove the CE modification. In these conditions, all the proteins formed IFs, as expected (data not shown).
Discussion
Since the first demonstrations that native looking IFs could be assembled from purified proteins, IF biology has been replete with reports of the importance of whole regions or individual amino acids for assembly of native filaments (for reviews, see [4, 18, 19] ; for an example of exhaustive mutagenesis see, [20] . The final verification of this research was the understanding that single amino acid substitutions within keratin genes were the cause of inherited skin blistering diseases [1, 3, 21] . Thus, a concordance between in vitro experiments and the locations of EBS causing mutations revealed the sensitivity of IF structure and function to single amino acid changes [22] [23] [24] . As expected from mutagenesis experiments, two highly conserved domains, the helix initiation and helix termination domains, are hotspots for disease causing mutations.
On the opposite end of the protein structure/function equation is the generalized modification of cellular proteins by agents such as mustard gas. At the cellular level, mustard gas exposure produces bulla (blisters) between the dermis and epidermis [25] and thus superficially resembles the location of bulla in EBS [21] . Our experiments are directed at the possibility that the "nonspecific" modification of keratin proteins and filaments by mustard gas analogs can damage the filaments, resulting in collapse of the filament network, leading to cell lysis. Such a possibility would extend the similarity between chemical vesicants and EBS. In contrast to the specificity of a single amino acid change, chemical modification produces changes at many places and it is possible that protein modification is highly variable, both within a single protein molecule and between protein molecules in a filament.
Using analogs of mustard gas, our data show that significant damage to keratin filaments occurs following exposure to either 10mM CEES or MEC. In the assembled filament, exposure to CEES or MEC results in filament destruction through what appears to be an aggregation phenomena. In the EM, chemically treated keratin filaments appear as thickened filaments with extra particles. Underlying the sample's appearance is a filamentous character, but not native looking 10 nm filaments, a much larger diameter rope type filament. The source of the particles, whether locally unraveled filaments that aggregate into a mass, or aggregated remains of different filaments is unknown. Treatment with CEES produces more aggregation than an equimolar amount of MEC or alternatively, MEC treated filaments appear more filamentous than CEES treated filaments. If the modification of kIFs is a highly variable process, then damage to kIFs can be viewed as a continuum of protein subunits on the outside of the filament being more heavily modified than protein molecules located on the interior of the filament. Longer treatments or higher concentrations of agent can be expected to modify existing filaments to a greater degree. This variable modification of existing filaments could underlie the filamentous character of CEES and MEC treated kIFs; modified proteins on the surface of the protein aggregate together while the relatively unmodified central proteins contribute to a filamentous structure.
The specific, limited and reversible modification of keratins using CE-MTS reveals that relatively few modifications can interfere with proper filament assembly. Keratin 5 and k14 each contain 4 cysteine residues, 2 each in the head and tail domains. We have modified these positions with a chloroethyl group using a methylthiosulfonate cysteine specific reagent. Keratin proteins modified by this reagent are incapable of assembling into native looking filaments. Furthermore, incorporation of modified proteins at a 10% level is enough to produce visible abnormalities to keratin assembly. These results are consistent with experiments published by Steinert and Parry who found that modification of keratin 1 or 10 by iodoacetate prevented filament assembly [26] . In these experiments, modified keratins were either mixed together or mixed with native assembly partners, no attempt was made to mix different proportions of modified proteins. Our experiments show that a relatively minor proportion of modified proteins has a noticeable effect on filament assembly.
These experiments demonstrate that modification of keratin protein molecules either assembled into filaments, or individually in solution, is detrimental to keratin intermediate filaments. While these data were obtained in vitro, is they are consistent with limited experiments demonstrating a similar effect using iodoacetate and the generality that chemical modification of keratins should interfere with assembly. It is likely that modification of keratins in vivo is equally damaging, but whether or not modification of keratins proper or some other intermediate filament associated protein results in the blistering produced by sulfur mustard is unknown. Our experiments leave open the possibility that modification of keratins is a key component of vesicant induced blistering.
EPR analysis of keratin assembly
In a previous report, I described preliminary data that indicated the alignment of the kIF coiled coil within rod 2B was perhaps out of register by 2 amino acids. Those data will not be repeated here, and additional set of spectra from rod domain 1B are not yet completed. For these experiments, k8 position 163 (predicted to be an "a" position of the heptad repeat) was mutated to a cysteine and spin labeled. Adjacent to k8 position 163 is predicted to be k18 position 135. Mutants were designed for k18 positions 131-138 and proteins produced and spin labeled for mixing experiments. As with results presented for rod 2B previously, the best experimental course to be pursued in the future is the construction of mutants in k8 AND k18 over a 1-2 heptad region followed by the mixing of each mutant with all the others (type I keratins with type II) and spectra collected.
The previous experiments were designed to verify coiled coil structure within rod domain 1B, which would be verify long untested predictions of keratin structure [27, 28] and would be consistent with our previous EPR (electron paramagnetic resonance) characterization of vimentin. However, higher order assemblies of keratin proteins can also be probed by an EPR approach. This has been ably demonstrated by our experiments with vimentin [29-31] and has been investigated in keratins with an identical approach.
The fundamental building block of vimentin filaments is a homodimer of 2 individual protein molecules. The fundamental building block of keratin filaments is a heterodimer of 1 type I keratin with 1 type II keratin [32, 33] . In both cases, assembly of the dimer proceeds next to a tetramer, then to an octamer, and subsequently to not-well-characterized "protofilaments" or "unit length" filaments, followed by elongation into full length filaments. Using and SDSL-EPR (site directed spin labeling-electron maramagnetic resonance) approach we have determined that vimentin assembly proceeds first to an All dimer (meaning an All structure is present, but no A 22 structure is present) and then to a structure (hexamer or octamer) with an All and A 22 alignment [30] . We have investigated the assembly of keratin subunits using the same strategy.
Based on our results with vimentin and from crosslinking studies performed by Steinert and co-workers [34] we predicted structure Ail should involve k8 positions 189-203 lying in close proximity to K18 positions 161-171. Keratin 8 positions 189, 192, 196, 199 , and 203 are predicted to be "non ad" heptad positions and thus, their side chains, when mutated to cysteine and spin labeled, will lie on the outside of the coiled coil. Similarly, k18 positions 161, 165, 168, and 171 represent exterior of the coiled coil positions. Each of these mutants was constructed, prepared, purified and spin labeled. Figures 7-10 show the spectra from numerous of these mixing experiments. The key spectra are from samples labeled at k8 position 196 and k18 position 165 and 168 ( figure 8 and 9 ). Spectra from k8 position 196 demonstrates an interaction with k18 positions 165 and 168, seen as an almost identical line shape for the 4M and 2M urea spectra. Using vimentin experiments as a guide, the spectra are interpreted as follows. In 8M urea, the keratin chains are denatured and the spectra from each spin label is tall and narrow indicating no defined protein structure. As the urea concentration is lowered to 6M, keratin chains assemble and the rotational freedom of the chains is decreased. This reduction in spin label freedom also occurs with subsequent lowering of the urea concentration, indicating a smooth assembly and attainment of structure. The spectra of keratin mixtures K8 189 spin mixed with k18 161 spin shows the gradual process. Note the rightmost signal; blue, green red and black spectra are not overlapped at the peaks, their amplitudes are different and decrease from 8M to 2M urea.
However, the spectra for k8 196 mixed with k18 168 (figure 9) shows nearly identical spectra at 4M and 2M urea concentrations (see also figure 8, k8 196 mixed with k18 165). The interpretation for this result is the interaction of spins on the 2 separate polypeptide chains produces the observed spectra and the interaction is the same at the 2 concentrations of urea. Thus, keratins in 4M urea have formed the All structure and an interaction between k8 196 and k18 168 spin labels is revealed. In 2 M urea, additional protein assembly may take place, but the interaction between k8 196 and k18 168 remains in place and the spectra look nearly identical. Ultimately, as assembly produces filaments, with extensive protein-protein interaction, the EPR spectra will reveal an even more rigid, spinspin interacting spectra. Within figure 9 , the spectra of k18 168 spin mixed with k18 192, 199 and 203 all show normal adoption of structure, different from the k18 196 spectra. The spectra of k18 168 spin mixed with k8 189 shows a broad spectrum (generally speaking, flattened) indicating a very rigid structure. This is different from the spin-spin interaction revealed by the k18 168 k8 196 mix.
Investigation of figure 8 reveals evidence for interactions between k8 196 and k18 165. In this situation however, the 4M and 2M are not as identical as for k18 168 and k8 196, indicating that the 2M spectra, due to packing of protein chains brings the spin labels closer together than they are in 4M urea.
EPR investigation of the A22 structure of keratins was performed in an analogous fashion, using k8 and k18 proteins spin labeled in rod 2B. K8 was spin labeled at positions 351, 353 and 357. K18 was spin labeled at positions 320, 323, 325, 327 and 331. The mixing experiments are grouped by spin labeled k8 position and presented as figures 11-13, k8 351, 353 and 357 respectively. Spectra from mixtures of k8 351 and all the spin labeled k18 samples show an orderly adoption of structure, with no significant evidence of spin-spin interaction (figure 11). Spectra from position spin labeled k8 353 (figure 12) show evidence of spin-spin interaction between k8 353 and k18 323, indicative of the A2 2 structure. This is seen by examination of the almost perfect overlap between the 4M and 2M spectra (figure 12). A very similar result is seen in figure 13 , as a result of mixing spin labeled k8 357 and k18 spin labeled 323.
EPR analysis of an EBS-like mutant
One of the first EBS mutants to be identified was the change of k14 amino acid 125 from arginine to cysteine [21] . This change was identified in patients with EBS and was demonstrated to cause a skin blistering disease in transgenic mice. The effect of this mutant of this change on IF assembly was assayed both in vitro and in tissue culture cells by transfection of mutant and control constructs [21] and in both cases, found to exhibit defects. The only reason to doubt the conclusions from these experiments was the inclusion of an antibody recognition epitope at the carboxy tail of the construct to enable the differentiation of the transiently expressed protein from the wild type protein.
This tag was added to the wild type k14 construct and found not to interfere with assembly in vitro or in transfected tissue culture cells. However, in 2002, Herrmann et al. reported that the similar EBS causing (and believed to be functionally identical) mutant of k14 arg1 25 ->his 125 was better at filament assembly in vitro than the wild type protein [16] . Thus, the generalization that EBS mutation equals impaired filament assembly has been called into question.
Using vimentin as a model system, we began EBS characterization with a vimentin LNDC or LNDS mutant of the wild type helix initiation sequence LNDR. These studies were published in JBC in 2005 [29] (Appendix).
We extended this methodology to keratins, by investigating the keratin 8 and 18 mutants LNDC. These studies were performed in collaboration with Paul FitzGerald and Josh Pittenger (UC Davis). Keratin 18 LNDC assembles into filaments, but with not as avidly as wild type k18 (figure 14, panel B). K8 LNDC is much more impaired in filament assembly (figure 14, panel C). Some normal looking filaments are present, but these are found in aggregates, against a background of particles. A normal appearing pattern of long filaments on in an EM field does not occur. The mixture of k8 LNDC and k18 LNDC, which should be functionally identical to a vimentin LNDC mutant (figure 14, panel D), does not produce any normal looking filaments.
Examination of the EPR spectra of assembly intermediates reveals that the LNDC mutant either assembles or aggregates more rapidly than the wild type proteins (Figures 15 and 16 ). This is revealed by a comparison of the spectra recorded in 6M and 4M urea. The spectra from the k18 LNDC mutant show a lower amplitude, indicating more rigid structure. In figure 15 , the mutant protein is k18 and the spin labeled protein is k8. In figure 16 , the mutant protein is k8 and the spin labeled protein is k18. From these experiments, the EPR spectra reveal a greater change to filament assembly dynamics when the LNDC is present in the k8 protein. A similar result is seen in the EM, following a complete dialysis protocol to assemble kIFs. In the EM, k8 LNDC assembles poorly, forming mainly short rods while k18 LNDC assembles into numerous filaments (figure 14).
As shown by EPR and electron microscopy, the k8 LNDC mutant has a greater impact on assembly. Viewed in the EM, the only possible interpretation is that k8 LNDC effects filament elongation, but the structure of assembly intermediates is not know. One possible interpretation of the EPR spectra of figure 16 is that the LNDC mutant produces either a k8/k8 aggregation or a k8/18 aggregation with appreciable protein-protein contacts. K8 LNDC spectra from samples in 2 and 4M urea are much more broadened (flatter) than the corresponding native samples. Thus, the EPR approach reveals that at the earliest stages of assembly, the LNDC mutants are not normal.
EPR analysis of CEES or MEC treated keratin assembly
An electron microscopy approach provided evidence that treatment of kIFs with the SM analogs CEES or MEC damaged intact filaments and that similar treatment of soluble keratin monomers prevented normal assembly of filaments. Further characterization of modified keratin proteins showed that modification of cysteines could interfere with filament assembly, but only if both assembly partners were modified. However, the electron microscopy approached limited the analysis of the effects of CEES and MEC on filament assembly. With the characterization of keratin assembly by EPR spectra preliminarily completed, it became possible to analyze the effects of protein modification on early steps of filaments assembly.
For this series of experiments, spin labeled keratins in 8M urea were mixed, divided into three samples and then incubated alone or with either CEES or MEC. Each keratin sample was then dialyzed against 8M urea to remove the CEES or MEC. Each sample was then diluted in a step wise fashion, with an hour incubation at each step, from 8M to 6M, to 4M and finally 2M urea. Spectra were then recorded and signals normalized based on dilution. To assess the formation of an All structure, k8 spin 196 and k18 spin 168 were mixed. To assess the formation of the A 22 structure, k8 357 spin and k18 323 spin were mixed.
Previous experiments identified the All tetramer by spin-spin interactions of k8 196 and k18 168, resulting in nearly identical spectra at 4M and 2M urea concentrations. Therefore, spectra were collected from samples treated with CEES or MEC in parallel to an untreated sample in urea concentrations ranging from 8M to 2M. The control sample, far left, figure 17, shows a series of spectra that are nearly identical to those shown in figure 9 , thus the additional manipulations did not effect the assembly. Figure 17 , middle and right show EPR spectra from samples treated with CEES and MEC. The CEES samples show an assembly pattern that is slightly different from the control spectra. The spectra from CEES treated keratins incubated in 6M urea is possibly more ordered than the control spectra, but the spectra from 4M and 2M conditions reveal a difference that is not evident in the control. Compare the red (4M urea) and black (2M urea) spectra; the CEES and MEC treated samples have a sharper 4 M spectra but relatively the same 2M spectra as the control. The easiest interpretation for this result is an interference with the formation of the All structure. However, the Ail structure is not eliminated, it still forms. The CEES and MEC analogs reduce the urea concentration at which the interaction occurs, and thus can be further interpreted as decreasing the strength of the interaction leading to the All structure. Nevertheless, as judged by the EPR spectra, the All structure can be seen to form.
The alternate keratin tetramer, A2 2 , formed by overlap of the rod 2B between dimers, was examined by mixing k8 357 spin and k18 323 spin. Figure  18 shows a series of EPR spectra from samples treated exactly as described above for the All structure. Similar to the description of the All results, the EPR characterization of the A 2 2 spin-spin interaction reveals that CEES or MEC modification of keratins produces alterations to the spectra thus revealing differences between the assembly of modified proteins and the control.
The experiments describing All and A 22 interactions and the interpretation of changes to the spectra by protein modification are difficult to interpret. While the spectra are not identical between controls and treated samples, the modeling of molecular processes and the interpretation of such processes with regard to the model are not sufficiently developed to account for the wide variety of events that could be occurring. For example, proportions of molecules interacting in normal assembly can be determined with the reasonable assumption that assembly is regular and interactions occur regularly (ie, an All interaction places 50% of the spin labels in an interaction possible position). Covalently modified proteins could produce interactions that are not regular, and that disturb these proportions, and at later stages, could even produce new interactions. Thus, it is important to well characterize normal assembly first, then modified protein assembly. As the structure of very few assembly intermediates has been identified, SDSL-EPR must first be used to identify landmarks, then build on these land marks. We have identified All and A22 structures, but now must move on to A 12 and possibly A,, During keratin assembly, formation of the An and/or A 22 tetramer has been hypothesized to occur at the same time and result in equilibrium between all the species [35] . Our data from vimentin indicates that the All tetramer forms at a higher urea concentration, and thus, during dialysis to form filaments, must form before an A 22 tetramer. This indicates that the An tetramer is more stable (or alternatively a greater interaction force exists between rod 1B domains) than the A22 tetramer in vimentin. Our experiments have not resolved the assembly process in keratins, but it is anticipated that future experiments will identify which keratin structure forms earlier, All or A 22 .
The use EM shows that modified keratins retain a degree of filamentous character within the definitely non-native structure shown in figures 2-6. SDSL-EPR characterization reveals that the early stages of keratin assembly are not that disrupted; the early stages are not completely normal, but the presence of particular interactions (All and A 22 ) shows that at these early stages of assembly, analogs of SM do not completely eliminate native interactions. It is now possible to propose that CEES and MEC modified proteins for additional non-specific interactions that produce the irregular species seen in the EM. Thus, the next step of analysis is to characterize subsequent stages of filament assembly, beginning with the homopolymeric protein vimentin, and usning the data derived from it, to transition to keratins and then the study of modified proteins can be compared to normal assembly.
Materials and Methods
CEES and MEC were purchased from Aldrich and stored at room temperature. Prior to use, each was prepared as a 1 M stock solution in DMSO (Aldrich). Working dilutions of CEES and MEC were either the 1 M stock or a 100 mM stock prepared in DMSO. cDNA clones for human K8 and K18 were provided by Bishr Omary (Stanford University, Palo Alto, CA). K8 and K18 cDNA sequences were inserted into pT7-7 for bacterial expression [36] . Bacterially expressed K8 or K18 readily formed inclusion bodies and these were purified from bacterial cell pellets [31, 37] Inclusion bodies were dissolved in buffer A (10 mM Tris, pH 8.0, 1 mM EDTA) plus 8 M urea and purified by gel filtration using a Pharmacia FPLC system. Native bovine keratins 5/14 and 1/10 were purified from bovine snout using a protocol provided by Roy Quinlan (University of Durham, UK). Proteins were quantified by BCA assay (Pierce, Rockford, IL) and proteins stored at -80 0 C.
Treatment of filaments or purified proteins was performed by adding 1 microliter of the stock CEES or MEC (1M or 100mM) reagent solution to 99 microliters of protein solution. Solvent controls were performed analogously. Treatments were performed in a laboratory fume hood and incubated for the indicated times. After incubation, samples were spotted onto EM grids and processed normally; following drying, the grids were removed from the hood. Electron microscopy was performed as described by Quinlan and coworkers [38] .
Chloroethyl-MTS treatment of k5/14 and 1/10 was performed by treating proteins with 100 mM TCEP to reduce cysteines followed by incubation with CE-MTS (500 mM CE-MTS final concentration). Control samples were incubated with solvent alone. Following a 1 hour treatment, samples were dialyzed against filament assembly buffers either containing (+DTT) or without DTT (-DTT).
Filaments were assembled using a multistep dialysis method. Purified keratin subunits in 8 M urea buffer were mixed, placed into dialysis tubing and dialyzed against fresh buffer A plus 8 M urea (1 hours), followed by buffer A plus 4M urea (2 hours), then 10 mM Tris pH 8.0 (2 hours), 10 mM tris pH 7.0, 1 mM MgC12 (2 hours), and finally, 10 mM Tris pH 7.0, 1 mM MgC12, 50 mM NaCl (overnight). During the course of these experiments, an abbreviated process was also developed: 1 hr in buffer A plus 8 M urea, 1 hr in buffer A plus 4 M urea, then 1 hour in 10 mM tris pH 7.5, followed by overnight dialysis in 10 mM tris pH 7.5, 1 mM MgC12, 50 mM NaCl. Filaments formed by either method were indistinguishable.
Mutants were prepared using the Stratagene Quickchange kit (Stratagene, La Jolla, CA) and oligonucleotide primers purchased from Invitrogen (Invitrogen, Carlsbad, CA).
DNA sequencing was performed by Davis Sequencing (Davis, CA) to verify successful mutagenesis. Proteins were produced by bacterial expression using a pT7-7 vector [36] and BL21 (DE3) codon optimized or arabinose inducible cells (Codon optimized cells from Stratagene, La Jolla, CA; arabinose inducible from Invitrogen, Carlsbad, CA). intermediate filament proteins readily form inclusion bodies and these were purified using a lysozyme lysis/DNase I treatment followed by high and low salt washes [31, 37] . Spin labeling of purified proteins was as described in recent papers [29] [30] [31] .
Analysis of keratin mixtures was performed by mixing equimolar amounts of keratin in 8M urea followed by either dialysis against the indicated concentrations of urea or step-wise dilution of samples along 8-6-4-2M urea steps, with one hour at each urea concentration prior to dilution. Control keratin partners were the normal wild type sequence unless otherwise noted.
EPR measurements were carried out in a JEOL X-band spectrometer fitted with a loop-gap resonator [39] . An aliquot of purified, spin-labeled protein (5 mL) at a final concentration of ca. 100 mM protein was placed in a sealed quartz capillary contained in the resonator. Spectra of samples at room temperature (20-22 °C) were obtained by a single 60 sec scan over 10OG at a microwave power of 2 mW and a modulation amplitude optimized to the natural line width of 1G, as described previously [40] .
Key Research Accomplishments
This project has introduced a new technique to the study of intermediate filament structure and assembly: SDSL-EPR (Site Directed Spin labeling and Electron Paramagnetic Resonance). Although the technique is not new to the study of membrane proteins, it is new to the study of filamentous proteins such as intermediate filaments. As with the introduction of any new technique, the validation of the method and the performance of controls are essential to future progress. Thus, we have undertaken the study of the homopolymeric protein vimentin as a precursor to the study of heteropolymeric keratins. This "start with vimentin, then switch to keratins" approach was written into the original proposal, but not envisioned to take as long as it did. As such, progress on the keratin modification, assembly and disassembly was slow to begin. It is however well underway and many accomplishments have been made. oVimentin assembly intermediates were identified and published 17 (described in a previous report) and this approach has been performed with keratins (this report). oA vimentin mutation analogous to an EBS mutation has been studied by EM and EPR 16; this methodology has been followed with keratin mutants (this report).
*Keratin assembly has been characterized by EPR of individual amino acids within rod domains and interactions between keratin protein domains has been identified by EPR (this report).
-Conditions have been identified that are compatible with protein structure determination and EPR (ie, full length filaments are not possible to efficiently load into capillaries, so different buffers conditions are used).
*Keratin proteins and filaments have been modified with 3 different reagents and the effects on filaments studied by EM and EPR (this report).
*Demonstrated that mixtures of non-native keratins and keratin mutants can provide structural data (ie, mixing k5 with k18 and k5 mutants with k18).
Reportable Outcomes
The data contained in this report should form the basis for 3 manuscripts. First, a paper the effects of CEES and MEC on keratin filaments and keratin proteins has been written and should be submitted in the very near future. This manuscript will not present any EPR data, but will demonstrate the effects of protein modification on both filaments and filament assembly. This manuscript leaves open the possibility that SM modification of intermediate filaments could be responsible for skin blistering. The degree of modification required to achieve filament abnormalities could explain the time lag between exposure and skin blistering.
Second, a manuscript describing the normal assembly of keratin proteins into filaments as monitored by EPR will be prepared. This manuscript will contain a characterization of rod domain 1B and 2B coiled coil assembly as well as the identification of An and A 22 interactions. It is likely that this paper will also contain our characterization of the effects of an EBS like mutation on assembly.
Third, the effects of SM analogs on keratin filament assembly will be documented and compared to the data presented in manuscript 2. This manuscript will present EPR data and an analysis of assembly using an EPR approach.
Conclusions
The main conclusion for this avenue of research is that SDSL-EPR provides a powerful, albeit labor intensive, method to identify Intermediate Filament structure. Experiments can be designed that add detail to existing outlines of filament structure. Validation of experiments using a homopolymeric system are an essential staring point; control experiments using a single keratin molecule are uninformative (ie, using one keratin and not a pair of keratins in an assembly reaction). The information provided by EPR of vimentin has already provided new information for the characterization of an EBS-like mutation and those experiments have been transferred to the analysis of a keratin mutant. Thus, this approach provides a valuable method for determining the structure and assembly of both vimentin and keratin filaments.
In addition, this approach enables the study of filament assembly and disassembly induced by chemical modification. We have determined that the SM analogs CEES and MEC are compatible with the specific spin labels used and that downstream procedures can be used with very little modification. The study of assembly of IFs is at the present time, much more valuable than the study of disassembly due to the inherent lack of specificity of an individual spectrum (ie, the spectrum of an irregular aggregation of proteins can resemble the spectrum of an assembled filament, indicating protein-protein contacts and rigid conformation. Unfortunately, it can all be an artifact). The study of assembly and the characterization of normal interactions thus provides a framework upon which to test the chemically modified proteins. Ultimately, with a sufficient number of markers identified, SM analog disassembly can be approached. As indicated in the individual groups of overlaid spectra, each k8 spin labeled protein was mixed with k18 161 spin and spectra recorded from individual urea concentrations. In the lower right, k18 161 was mixed with nonspin-labeled k5 as a k18 alone control. Figure 8 . EPR spectra from keratin 8 samples mixed with k18 165 spin.
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As indicated in the individual groups of overlaid spectra, each k8 spin labeled protein was mixed with k18 165 spin and spectra recorded from individual urea concentrations. In the lower right, k18 165 was mixed with nonspin-labeled k5 as a k18 alone control. Figure 9 . EPR spectra from keratin 8 samples mixed with k18 168 spin.
As indicated in the individual groups of overlaid spectra, each k8 spin labeled protein was mixed with k18 168 spin and spectra recorded from individual urea concentrations. In the lower right, k18 168 was mixed with nonspin-labeled k5 as a k18 alone control. Figure 10 . EPR spectra from keratin 8 samples mixed with k18 171 spin.
As indicated in the individual groups of overlaid spectra, each k8 spin labeled protein was mixed with k18 171 spin and spectra recorded from individual urea concentrations. In the lower right, k18 171 was mixed with nonspin-labeled k5 as a k18 alone control. Figure 11 . EPR spectra from keratin 18 samples mixed with k8 351 spin.
As shown in each group of overlaid spectra, spin labeled k18 proteins were mixed with k8 spin labeled at position 351 and spectra recorded at various urea concentrations. As shown in each group of overlaid spectra, spin labeled k18 proteins were mixed with k8 spin labeled at position 353 and spectra recorded at various urea concentrations. As shown in each group of overlaid spectra, spin labeled k18 proteins were mixed with k8 spin labeled at position 357 and spectra recorded at various urea concentrations. Figure 14 . Assembly of LNDC k18.
Panel A, kIFs assembled from wild type k8/18. Panel B kIFs assembled from wild type k8 and k18 LNDC. Panel C, k8 LNDC mixed with wildtype k18. Panel D, the "double" substitution, k8 LNDC and K18 LNDC. Figure 15 . EPR spectra of k8 326 mixed with wt k18 or k18 LNDC Spin labeled cys 326 k8 was mixed with either wild type k18 (bottom) or k18 carrying the EBS like mutation LNDC (top). Samples were incubated in the indicated urea concentrations and spectra recorded. Figure 16 . Figure 16 . EPR spectra from spin labeled k18 mixed with k8 LNDC.
Spin labeled cys 294 k18 was mixed with either wild type k8 (bottom) or k8 carrying the EBS like mutation LNDC (top). Samples were incubated in the indicated urea concentrations and spectra recorded. Figure 17 . EPR spectra of k8/k18 mixtures treated with CEES or MEC for All structure.
The assembly of keratin subunits into tetramer All was analyzed using k8 spin labeled at position 196 and k18 spin labeled at position 168. Interaction between these positions is indicative of the All structure. As indicated by the groupings, spin labeled proteins were either unmodified (control), or modified by CEES or MEC followed by incubation in the indicated urea concentrations and spectra were collected. Figure 18 . EPR spectra of k8/k18 mixtures treated with CEES or MEC for A22 structure.
The assembly of keratin proteins into the A22 tetramer was analyzed using k8 spin labeled at position 357 and k18 spin labeled at position 323. Interaction between these positions is indicative of the A22 structure. Three sets of reactions were analyzed: unmodified keratins, CEES modified, or MEC modified. Spectra from these reactions were recorded from appropriate mixtures in the indicated urea concentrations. """.K'K~K-Ili> A 1 Figure 7 . EPR spectra from mixtures including k18 l6lspin.
--K
19 24i,~18 , ,
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John F Hess, PhD, final report DAMD 17-02-1-0664 30 Figure 9 . EPR spectra from mixtures including k18 168 spin. Figure 15 . EPR spectra from k18 LNDC mutants.
John F Hess, PhD, final report DAMD 17-02-1-0664 35 Figure 16 . EPR spectra from spin labeled k18 mixed with k8 LNDC. concentrations. Cross-linking between proteins reflects the proximity of the cross linking moieties and thus can be used to establish whether normal interactions have/have not occurred during assembly. Specifically, comparison of cross-links in mutant proteins to those formed in wild type proteins can be used to infer whether distances between cross-linking moieties have changed as a result of the mutation. Since IF proteins will undergo stepwise assembly when dialyzed out of high concentrations of urea or guanidine, these cross-linking studies can be performed on intermediates of assembly, providing data relevant to the stage of assembly affected by the mutation (29). Mehrani et al. (27) showed specifically that K14 LNDR mutated to LNDL was unable to form IFs, unable to assemble into existing IF networks in cells, and was significantly altered in l:
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• • the tetramer configuration. Lys' 4 LNAR was similarly unable to form filaments in vitro and unable to integrate into IF.
. . . . . . . . . .. networks but exhibited slightly less stability than the wild type. They summarize the characterization of these substitutions in the Asp and Arg locations of LNDR as significantly destabilizing the two-molecule entities (tetramer).
Following the demonstration of the applicability of site-directed spin labeling electron paramagnetic resonance (SDSL EPR) to the study IF structure (30, 31), we began a series of experiments designed to test the hypothesis that EPR can be used to identify the effects of mutations on IF assembly. To perform these experiments, EBS-like mutations (LNDR --LNDS and NDR --LNDC) were engineered into human vimentin (1) . In vitro assembly verifies that assembly is aborted very early in the process with both mutants failing to assemble into 10-nm filaments. Because the spin labeling protocol that we employ targets cysteine residues, we have used a vimentin LNDR --> LNDS mutant to study the impact of mutations at this site on assembly. In previous work we have identified specific "reporter" residues within vimentin that, when spinlabeled, reveal whether specific stages of assembly have occurred and when in the course of assembly they occur. We can therefore discriminate between mutations that affect initial coiled coil dimer formation, or subsequent dimer-dimer interactions. Using this approach we report the impact of EBS-like mutations on the assembly of the Type III IF protein vimentin. FiG. 1 . Electron microscopy of wild type and mutant vimentin assembled in vitro. A, control showing a negatively stained prepara-MATERIALS AND METHODS tion of cysteine-free vimentin, used as a starting point for subsequent studies. Long, uniformly shaped 10-nm filaments are evident. B, negaVimentin characterization, mutation, cloning, expression, purificatively stained preparation of vimentin bearing the LNDS mutation. tion, and spin labeling were described in detail in a previous reports (30, Filament assembly is blocked at a very early stage, resulting in a 31). In brief, the spin label is ultimately attached to cysteine residues population of small, uniformly sized particles. that are targeted to specific sites in vimentin, Cysteine codons were introduced into the vimentin expression construct (generously provided by Dr. Roy Quinlan, University of Durham, Durham, UK) using the a loop gap resonator. Approximately 4 l1 of sample, at a concentration Stratagene QuikChange kit (Stratagene, La Jolla, CA). Combinations of of 25-75 w.M protein, were placed in a sealed quartz capillary tube. mutations (for example, Ser" 3 plus Cys 1 51 ) were created, where possiSpectra were acquired at 20-22 °C with a single 60-s scan over 100 G at ble, by cloning of restriction fragments, each containing one mutation, mized owave power of 2 milliwatts and a modulation amplitude optimedto the natural line width of the attached nitroxide. together into an expression vector. If not possible, then mutagenesis was performed in a sequential fashion. Sequence changes were verified RESULTS by DNA sequencing. Mutant vimentin was produced by bacterial expression and purified from inclusion bodies using high/low salt washes, Electron microscopy cysteine-free vimentin (Cys 32 s ---Ser) and chromatography. Spin labeling was accomplished by incubation of used as a starting point for subsequent studies shows long the purified vimentin in 100 gM tris-(2-carboxyethyl)phosphine (Molecuniform filaments, which are morphologically indistinguishular Probes, Eugene, OR) followed by 500 jiM 0-87500 (Toronto Reable from wild type vimentin (Fig. 1A) . In contrast, vimentin search Chemicals, Toronto, Canada). Unincorporated spin label was bearing the LNDR --> LNDS mutation failed to form recognizremoved by CM-Sepharose chromatography using a GE Healthcare FPLC (30, 31) . Labeled proteins were stored long term at -80 *C.
able filaments (Fig. 1B) . In these preparations, assembly was Filament assembly was performed either as a single step dialysis aborted at a very early stage, yielding uniformly small against filament assembly buffer or as a stepwise process following the "rodlets." Vimentin bearing the LNDC mutation similarly protocol of Carter et al. (32) Briefly, labeled proteins were solubilized in caused a very early failure in the assembly process, yielding 8 M urea, which was then removed by dialysis, either in a single step aggregates of small particles (not shown). procedure, or where indicated, in a stepwise process through progresWe then used site-directed spin labeling followed by EPR sively reduced concentrations of urea, followed by low ionic strength Tris, followed by the addition of NaCl and MgCl 2 . Filament assembly spectroscopy to examine the structural and assembly consewas verified by electron microscopy of negatively stained samples.
quences of the R113S (LNDR to LNDS) mutation (Fig. 2) . We EPR was conducted on a JEOL X-band spectrometer equipped with have previously shown that SDSL EPR yields structural infor- 
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V-m ation at several levels in intact IFs, as well as in assembly wild type vimentin, coiled coil formation occurs more readily in intermediates that form during in vitro assembly. Depending rod domain 1B in the region surrounding position 178 than in rod on the specific site that is labeled, EPR can monitor the as-domain 2 near position 333. sumption of a helical structure, the formation of coiled coil
We then repeated these studies but now using vimentin dimers, and the formation of subsequent higher order interacbearing the R113S mutation. In the presence of the R113S tions between dimers, either in intact filaments or at specific mutation, position 178 remains flexible at 4 M urea (Fig. 2b) , stages during in vitro assembly that occur as filament protein indicating the LNDS mutation causes a slight perturbation in is dialyzed out of 8 m urea. We approached this by creating the coiled coil formation in rod lB. In contrast, the increased broad-R113S mutation and then placing spin labels at different locaening at position 333 in rod 2 occurs just as readily in the tions within the mutant protein to monitor the impact that this LNDS mutant as it does in vimentin that contains the wild type mutation produced at the spin labeled site (a schematic indi-Arg' 1 3 (Fig. 2b) . This suggests that the presence of the mutacating the relative locations of these mutants is presented in tion at residue 113 (rod domain 1) has little impact on the Fig. 3) . formation of the coiled coil dimer in rod domain 2 but does To examine the impact of the R113S mutation on a helical, affect the ability of rod domain 1 to undergo normal a helical coiled coil dimer formation, we first evaluated the spectral coiled coil assembly. changes as a function of urea concentration of protein containing
To further investigate the impact of this mutation on early the wild type Arg" t , with the spin label located at either position assembly, we placed a spin label closer to the LNDR motif at 178 (a d position in rod domain 1) or 333 (a d position in rod position 131. Position 131 is predicted to be a (d) position at the domain 2). Spin labels at these sites provide data about 1) sec-end of rod 1A. As shown in Fig. 2A , vimentin with a label ondary structure (a helix formation) and 2) coiled coil formation, located at 131 does not display the characteristic broad specsince these two residues would be within 2 nm of each other in a trum of an a/d position (see "Discussion"). A slight effect of the coiled coil dimer. As demonstrated previously (30, 31) , ad posi-LNDS mutation is observed at position 131. As shown in Fig.  tions within a coiled coil generate a characteristic immobilized 2C, the spectrum of spin-labeled 131 in 2 m urea is somewhat and dipolar-broadened spectrum when the urea concentration is sharper, suggesting that the R113S mutation may impart furlowered to 2 m. In the wild type vimentin, a tightly packed ther destabilization to this region of the protein. environment at position 178 (rod 1) occurs earlier and is almost
We have shown in previous work that residues 191 (rod 1) completely achieved at 4 m urea, whereas a strongly broadened and 348 (rod), both of which are non ad, positions and therespectrum from position 333 (rod 2) is not achieved until 2 m urea fore on the outside of the coiled coil dimer (see Fig. 3 ), can be (Fig. 2a) . The magnified spectra for spin labeled 178 and 333 at used to monitor the formation of interactions between vimentin 2 m urea are shown in Fig. 2c . This observation suggests that in dimers during filament assembly studies (30, 31 ies established that dimers interact at residue 191 (rod domain detectably perturbed by the R113S mutation. In contrast, evil) before interactions occur at residue 348 (rod domain 2) thus dence for A 22 alignment, as reported by labels placed at posiestablishing a sequence of dimer-dimer interactions during in tion 348, is completely eliminated in vimentin containing the vitro assembly. To evaluate the impact of the R113S mutation R113S mutation. This difference is highlighted in Fig. 2C , on these interactions, we spin-labeled proteins individually at where the normalized 2 M urea spectra of spin-labeled 348 with both 191 and 348. Examination of mutant protein labeled at and without the LNDS mutations are compared. From this we residue 348 (an e position in rod 2) shows that, in the range of conclude that the R113S mutation permits the formation of 6-3 m urea, the R113S mutant behaves similarly to the wild coiled coil dimers in rod 2 but that the mutation has a demontype protein (Fig. 2, A versus B) . This is consistent with the strable impact on the dimer-dimer interactions that should data derived from mutants labeled at residue 333, indicating occur in rod 2. normal secondary structure in rod domain 2. However, as described below, the R113S mutation produces a loss of the dipo-DISCUSSION lar broadening of spin label placed at residue 348 that arises at
The helix initiation and termination motifs of IF proteins 2 m urea in wild type protein. This suggests that the approxi-have proven to be "hotspots" for mutations that result in a mation of two dimers centered around residue 348 fails to occur disease phenotype. In the helix initiation motif (LNDR) a frein a normal manner. quent cause of disease is mutation of the Arg residue, comWhile the LNDS mutation causes a small fraction of the spin monly to a Cys or His. Mutation of this site has proven causalabels at 191 to remain highly mobile at low urea levels, the tive for human diseases in the Type I cytokeratins (e.g. skin level of dipolar broadening compared with protein with native blistering and corneal dystrophies) but also in the Type III IF Argil is unchanged, indicating that a magnetic interaction protein GFAP as well (1, 3, 5, 14, 16, 19, 21, 22, 25, 33) . Thus occurs between labels located at 191, as R113S vimentin this specific site appears to be critical to normal assembly in dimers assemble into higher ordered structures. Thus the A,.
multiple IF proteins from more than one class, suggesting that alignment, as measured by dipolar interaction at 191, is not the data derived from study of this mutation may be broadly applicable. An interesting side note is that the lens-specific timers. The approach has also proven successful in defining the intermediate filament protein, CP49, shows striking diverprogression of assembly steps that occur during in vitro assemgence at this motif (LGGC) that includes a Cys in the fourth bly, sequencing the formation of a helix, coiled coil dimer, and the position (LGGC) (34, 35) .
sequence of specific dimer-dimer interactions. While the exact nucleic acid changes resulting in these disIn this report we sought to determine whether SDSL EPR eases have been identified, the impact of each mutation on could be used to define changes in IF architecture and assembly assembly, structure, and function of the IFs has proven far that are induced by disease-causing mutations. We elected to more difficult to define. This difficulty largely derives from the study the mutation of the fourth residue of the well conserved inability to develop crystals of intact IF proteins or of intact LNDR helix initiation motif, largely because mutation at this site IFs. While progress has been made in determining crystal has proven to be disease causing in several IF proteins from at structure of fragments of the IF protein vimentin (36, 37) , the least two IF classes. This suggests that this specific site is of capacity to study structure in intact proteins, or in intact IFs, relatively broad importance to IF assembly. We introduced the remains elusive. Thus, the means by which a specific diseasemutation in vimentin as it has been the protein from which we causing mutation alters or aborts assembly of IFs has rehave gathered all initial SDSL EPR data. mained difficult to approach experimentally. Becatdse IFs must
In earlier work (30, 31) we showed that EPR spectra of spin integrate into the biology of the cell, EBS-type mutations may labels placed at residues 178, 191, 333, and 348 display line result from changes that are permissive to filament assembly shapes indicative of their positions within the heptad repeat, and/or from mutations that block the linkage between filaconsistent with their proximity to one another in a coiled coil ments and other cellular structures. Plectin, for example, links dimer. These residues thus serve as good indicators for the IFs to the plasma membrane. Mutations in the plectin gene assumption/presence of coiled coil dimer at these sites. To that alter interactions with IFs have been identified that also evaluate the consequences of the LNDR -> LNDS mutation we result in skin blistering phenotypes (38-40). Another example targeted spin labels to these characterized sites, as well as a is the LNDR --LNDH mutation that has also been identified site closer to the mutation in rod 1A (residue 131), and comas an EBS causing mutation (12). In vitro this mutant readily pared the spectra between wild type and R113S mutants. assembles into long, normal IFs, perhaps better than wild type
The EPR spectra suggest that coiled coil dimer formation filaments, suggesting the disease phenotype results from an-appears to proceed almost identically in the wild type and other mechanism and not the failure to form filaments (41). R113S mutation as monitored by spin labels at residues 178 In the absence of the crystal structure of IFs, our under-(rod domain 1), 191 (rod domain 1), 333 (rod domain 2), and 348 standing of the structural changes caused by these many dis-(rod domain 2). A subtle difference in the EPR spectra of spin ease causing mutations is likely to result from the integration labels placed at residues 178 suggests that the transition to of data from several different approaches such as in vitro as-fully ordered structure is slightly delayed in the mutant prosembly, cross-linking, analytical ultracentrifugation, x-ray tein, occurring somewhat later in the dialysis process than seen crystallography, and SDSL EPR.
for the wild type. This slower attainment normal structure may Coulombe and co-workers (29) used cross-linking and chrobe the result of decreased stability of the coiled coil dimer in matography under different denaturing conditions to charac-this region of the mutant protein. However, upon completion of terize a proline mutant of keratin 16 and concluded that the dialysis, the spectra for both mutant and wild type proteins effect of the mutant was to destabilize keratin tetramers. Stein-were indistinguishable from one another, despite dramatic difert and co-workers (28) have developed cross-linking protocols ferences in the outcome of filament assembly between wild type that measure differences in the cross-linking behavior between and mutant proteins. mutant and wild type cytokeratins. These allow for the inferIn previous work we identified several residues that serve as ence of how assembly and structure may be affected by these reporters of interactions between a given vimentin dimer and mutations (28).
its nearest neighbors in intact filaments. Residues 191 and 348, Analysis of the LNDR --> LNDK mutation in K14 suggested for example, are sites of anti-parallel overlap between one a decrease in the stability of the keratin A,, tetramer in urea vimentin dimer and other adjacent dimers in intact filaments (27) . When assembled in vitro, this mutant forms shorter than (30, 31) . We therefore compared the EPR spectra of wild type normal filaments. Taken together, the authors conclude that and R113S mutant vimentin spin-labeled at these sites. No decreased All tetramer stability is responsible for filament differences were seen between the EPR spectra from wild type abnormalities although they leave open the possibility that and mutant vimentin for spin labels placed at residue 191. This these residues are important for A,, or Am interactions (27) .
suggested that the mutation did not alter the correct positionMolecular modeling of rod 1A structures and the effect of ing of adjacent dimers centered at this residue in rod domain 1. known mutations leading to EBS have suggested that LNDR --> In contrast, comparison of wild type and mutant proteins LNDS mutation in Lys1 4 produces a much greater distortion labeled at residue 348, an indicator of anti-parallel overlap than the typical EBS mutant Lys 14 LNDR --LNDC (42). The centered around this site in rod 2, revealed marked differences computer program predicts a decreased helix stability for between wild type and R113S mutants. EPR spectra of the LNDS mutation, and LNDC remains essentially unchanged. mutant showed no indication that proper alignment of these The net effect of these structural changes on higher order regions had occurred. Whether this failure to align was drastic structures (dimers or tetramers) or filament assembly were not or simply sufficient to displace the residue beyond the 2-nm elucidated by the modeling. Our EM observations of vimentin limits of sensitivity for EPR is not yet known. In previous work show similarities between the small aggregates formed by vim we showed that the association between IF dimers at residue 1 ', though they were not identical. 191 (rod domain 1) occurs prior to that which occurs at 348 (rod We previously showed the ability of site directed spin labeling domain 2), at least during in vitro assembly. Thus the data and electron paramagnetic resonance (SDSL EPR) to contribute reported here would suggest that the initial lateral association to the study of IFs and IF assembly (30, 31) . Using this approach between dimers centered around rod 1 is not detectably diswe have defined specific regions of IF proteins that are involved turbed but that the association centered around rod 2 is. It is in coiled coil dimer formation and defined the proximity of speimportant to note, however, that these data are snapshots of cific residues between monomers and between higher order mul-small regions and cannot be used to make predictions on the
